The Sierra Nevada Mountain range serves as an important source of drinking water for the State of California. However, summer cattle grazing on federal lands affects the overall water quality yield from this essential watershed as cattle manure is washed into the lakes and streams or directly deposited into these bodies of water. This organic pollution introduces harmful microorganisms and also provides nutrients such as nitrogen and phosphorus which increase algae growth causing eutrophication of otherwise naturally oligotrophic mountain lakes and streams. Disinfection and filtration of this water by municipal water districts after it flows downstream will become increasingly costly. This will be compounded by increasing surface water temperatures and the potential for toxins release by cyanobacteria blooms. With increasing demands for clean water for a state population approaching 40 million, steps need to be implemented to mitigate the impact of cattle on the Sierra Nevada watershed. Compared to lower elevations, high elevation grazing has the greatest impact on the watershed because of fragile unforgiving ecosystems. The societal costs from non-point pollution exceed the benefit achieved through grazing of relatively few cattle at the higher elevations. We propose limiting summer cattle grazing on public lands to lower elevations, with a final goal of allowing summer grazing on public lands only below 1,500 m elevation in the Central and Northern Sierra and 2,000 m elevation in the Southern Sierra.
INTRODUCTION
Cattle grazing has been a part of the landscape in remote regions of the western United States since the 1850s. In the past, much of this land was not cultivatable and not inviting to human settlement due to the harsh climate, rugged terrain or inaccessibility (Young & Sparks 1985) . Thus cattle grazing over an otherwise unusable landscape served a purpose in the development and advancement of the West.
However, as far back as the 1880s the detrimental effect of cattle on alpine water quality was noted, and cited as one of the reasons to establish Yosemite National Park in 1890 (Farquhar 1965; Runte 1992) .
The greatest economic value of the Sierra Nevada
Mountains is derived from the provision of abundant quantities of fresh water for California (Goldman 2000) .
Since 1900, California's population has increased from 1.5 million to over 36 million persons (US Census Bureau 2008) . This large increase has placed high demands on the limited available supply of clean drinking water (Carle 2004 ). California's population will soon approach 40 million, and protected watersheds serve the purpose of providing a clean and unpolluted water source. The Sierra Nevada watersheds provide 50% of California's fresh water doi: 10.2166/wh.2009.171 for domestic use (Carle 2004) . Reno, Nevada is also heavily dependent upon the out flow of the Sierra Nevada, primarily from Lake Tahoe which restricted grazing many years ago.
The unique geographic features of the Sierra Nevada have resulted in challenges to maintain water quantity and quality for this essential source. Melting snow must pass through a fragile ecosystem prior to runoff into lowland reservoirs. Much of the watershed consists of surface or near surface granite or metamorphic bedrock, with little topsoil and has little buffering capacity (Moore 2000) . 
DEMOGRAPHICS OF CATTLE
California has 5.5 million head of cattle, of which nearly 2 million are cows used in dairy operations (USDA 2008). The ecological costs of grazing on public lands can be dramatic, and include loss of diversity, lowering of population densities for a variety of taxa, disruption of nutrient recycling and succession, and changes in the characteristics of terrestrial and aquatic habitats (Fleischner 1994 ). The problems of cattle grazing on many of natural resources and ecosystems, especially degradation of aquatic habitats are well documented (Belsky et al. 1999) , as are impacts to water quality (Derlet & Carlson 2006) . We believe the public health costs to California of summer livestock grazing in the Sierra Nevada exceed its benefits.
As far back as 1965, experts on the Sierra Nevada recognized that there was no real net economic benefit to the cattle industry to summer cattle grazing in the Sierra Nevada (Farquhar 1965) . Despite discussions on the impact of cattle grazing in the Sierra Nevada, the some ranchers have recently pressured the USDA Forest Service to expand cattle grazing tracts (USDA Forest Service 2006).
EUTROPHICATION OF THE WATERSHED
Globally, concern has been raised about serious threats to the planet's drinking water supply from eutrophication of watersheds (Conley et al. 2009 ). Over the past 150 years, deposition of rate-limiting substances such as phosphorus (P) and nitrogen (N) compounds has resulted in eutrophication of much of the Sierra Nevada, with increases in phytoplankton species and biomass (Goldman 2000) . Cattle manure contains high amounts of both N and P compounds, and 100 head of cattle will collectively deposit 50 kg of N and 25 kg of P each day on the range, based on a mean animal weight of 400 kg (Ohio State University 2006).
Thus, fecal matter from cattle with N and P as well as other nutriments contributes to the eutrophication process (Belsky et al. 1999) . In addition, this has promoted conditions which increase bacteria, other microorganisms, and the frequency of algal blooms (Yers et al. 2005; Conley et al. 2009 ). Non-point pollution from cattle waste poses a serious eutrophication threat to both surface and ground water sources at both higher and lower elevations (Klott 2007) . This promotes imbalance in the ecosystems with accelerated eutrophication through fertilization of algae favoring the undesirable cyanobacteria at the expense of the more desirable diatoms and green algae (Horne & Goldman 1994) . Cyanobacteria have been linked to the death of over 100 head of cattle in alpine regions of Switzerland as a result of excessive growth of this algae and secretion of the toxin microcystin in normally oligotrophic lakes (Mez et al. 1997) .
In lowland grassland areas many nutrients and toxic substances are fixed or adsorbed to soil particles and soil fungi, which can greatly reduce nutrient loading of surface waters. Although P is adsorbed to soil particles and tends to be retained by the earth, N in contrast moves easily through soil, which then flows into ground water, which in turn reaches stream drainage and eventually to California's lakes and reservoirs (Horne & Goldman 1994) . However, because much of the Sierra Nevada is granite with only a thin layer of soil in some areas, the adsorptive ability for P by soil is limited, thus allowing P to enter lakes and streams (Goldman 2000) . Cattle grazing can also impact aquatic life.
A study in the Golden Trout Wilderness which compared grazed with non-grazed areas showed a decreased fish biomass in grazed areas (Knapp & Matthews 1996) .
Mountain insects have also been found to have been affected in cattle grazing areas (Del Rosario et al. 2002) .
Some cattle are grazed in specially designated Wilderness areas of the Sierra Nevada, where over-night human visitation is restricted to limit impact on the wilderness eutrophication by humans. However, the focus on humans is misguided. Range cattle excrete a mean of 50 kg/day of wet weight manure into the alpine landscape (Ohio State University 2006). In contrast, healthy human waste is only 0.10 to 0.15 kg/day (Rendtorff & Kashgarian 1967) . Thus, each head of cattle produces up to 500 times as much waste as a single human in a single day and therefore each animal impacts the environment far more than each human.
HARMFUL MICROORGANISMS
Cattle excrete microorganisms which can be harmful to humans (Berry et al. 2006) . Our studies have also shown significantly higher levels of both heterotrophic and pathogenic microorganisms in the Sierra Nevada areas where cattle graze, compared with non-grazing areas (Derlet & Carlson 2004 Derlet et al. 2008) .
In watersheds where cattle have grazed, 96% of surface water samples contained significant indicator levels of E. coli of 100 CFU/100 ml or more, placing these waters at high risk for harboring the large variety of harmful microorganisms (Derlet et al. 2008) . In contrast, the California water board does not allow more than 2.2 CFU/100 ml of E. coli in water used to irrigate vegetable crops. Thus, Sierra water in cattle grazing watersheds may contain 40 times as many E. coli as would be allowed to be used on vegetable crops. In contrast, adjacent non-grazed watersheds had a prevalence of less than 10% medically significant E. coli. Cattle serve as asymptomatic carriers for many of these organisms. One recent study found as many as over 50,000
Giardia cysts/gram of cattle manure in asymptomatic infected cattle (Gow & Waldner 2006) . Thus over 2 billion cysts may be excreted from an infected animal each day based on 50 kg of manure/day, enough to infect several million persons with the minimal infective dose of 10 cysts.
Removal of the entire list of pathogenic bacteria by municipal water districts is an expensive multi step process.
In Milwaukee, municipal water intake of accidental sewage spillage near intake pipes led to nearly one-third of the city population becoming infected with Cryptosporidium, despite standard water treatment (Mackenzie et al. 1994) .
Drought conditions increase the prevalence of pathogens and substrate, which may make some municipal purification processes less effective by concentrating pathogens (Derlet et al. 2008) . Understanding factors that impact the water quality from any watershed is essential for intelligent and effective land management decisions.
Finding medically significant coliforms in surface water below cattle grazing areas is not unique to the Sierra Nevada, as several studies from other areas of the U.S. have demonstrated a high prevalence of coliforms in watersheds grazed by cattle (Yers et al. 2005) . A study of South Carolina watersheds found non-point pollution with E. coli to be high in cattle grazing areas (Klott 2007) . Miller found up to 14,000 Giardia cysts per liter of water in storm surface water below coastal California dairies (Miller et al. 2007 ).
Cattle are also noted to carry the shiga toxin containing E. coli strain O157:H7 at a rate of 1 to 30%, which can be acquired from drinking partially treated or untreated water and cause illness and death in humans (Swerdlow et al. 
IMPACT TO WATERSHED GROUND VEGETATION
Livestock grazing and livestock grazing operations may severely disrupt sensitive ecological communities which in turn affect water quality (Belsky & Blumenthal 1997; Belsky et al. 1999) . Some authors attribute significant impacts to "overgrazing" implying there is a level of livestock grazing that has less significant impacts (Allen-Diaz et al. 1999).
Cattle degrade habitat by trampling and eating vegetation, compacting soils, impacting riparian systems, and affecting water quality. When livestock degrade habitat, they also impair the survival of many animal and some of the plant species upon which they depend. For example, aspen groves in the Sierra Nevada forests are rare but important areas of high biodiversity (Rogers et al. 2007 ) that enhance watershed capacity by storing seven times more water than conifers that have been changed in abundance and distribution by livestock grazing (Bartos & Campbell 1998) . Kay & Bartos (2000) found that although elk and deer graze on aspen most herbivory of aspen was from 
IMPACT OF CLIMATIC CHANGE
The American Society for Microbiology has become concerned about increasing surface water temperatures (Dixon 2008) . Predicted increases in temperatures from climatic change will warm streams creating more favorable conditions for growth of toxic algae and pathogenic microorganisms (Coats et al. 2006) . A number of studies have correlated increased water temperatures with increases in algae growth (Paerl & Huisman 2008) .
Toxins from species-specific algae have been implicated in waterfowl deaths and human illness and are not removed by standard municipal water disinfection processes (Falconer & Humpage 2005; Lopez-Rodas et al. 2008) . Several researchers at the University of California, Davis have shown that surface water temperatures in the Sierra like many lakes in the Northern Hemisphere are increasing (Coats et al. 2006) . Lake Tahoe's entire water column has increased one degree in the last 30 years and surface waters have warmed by four degrees. Climate models predict that the warming trend will continue. Visible algae in many High Sierra lakes and streams has increased over the past 20 years (Goldman & Derlet 2009, unpublished data) .
In a recent study of Lake Tahoe specifically, planktonic diatom numbers were found to have increased from 1982 to 2006, and after controlling for multiple factors, increased water temperature was shown to be the single factor behind this increased form of algae (Winder et al. 2009 ). This trend may only intensify the problems already related above by increasing the rate of eutrophication and providing an ideal environment for toxic cyanobacteria. Furthermore the predicted increase in rapid melting of the Sierra Nevada annual snow pack will harm ecosystems (Coats et al. 2006) .
In this regard, conifer shading is even more important to slow snowmelt and preserve the "snow pack reservoir" function of these mountains. The tramping of seedlings by cattle can prevent new conifer growth thereby reducing shading vegetation so soil and snow is exposed to direct solar radiation and rapid melting and runoff.
A PROPOSAL TO ENHANCE WATERSHED PROTECTION
We propose limiting summer-time cattle grazing in the Sierra Nevada Mountains on public lands to lower elevations. Our proposal is based on collective research as discussed above and the authors' observations on watershed geology, climate, precipitation, snowmelt, flora and fauna of the alpine regions of these mountains. Summer cattle grazing at the end of a five-year phase in period should be restricted to areas below 1,500 m elevation in the Central and Northern Sierra and 2,000 m elevation in the Southern Sierra. We define Southern Sierra as Sierra south of the Kings-Sequoia NP boundary by latitude, and land north of this as Central and North Sierra. To achieve this goal, a step-wise phase out should occur over a five-year period. As higher elevations are the most ecologically sensitive, it would be preferable if cattle could first be removed from grazing above 2,500 m in the Central and Phase out proposals should be adopted as soon as possible to ensure long-term protection for this crucial source of water for California, which from recent reports may face the development of water shortages which will worsen in the face of global climate change.
CONCLUSION
Cattle have a negative impact on high elevation watersheds of the Sierra Nevada Mountains. Phasing out high elevation summer cattle grazing from source watersheds should improve water quality. Restricting cattle from the higher elevations will affect less than one of every hundred head of cattle in California. As a result the impact of this proposal on California's cattle industry would be relatively small and the potential benefits larger to the safety and health of children and adults in the State.
